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ABSTRACT
Forests act as ‘pumps’ through their evapotranspiration (Etot) and as ‘sponges’ by enhancing 
soil infiltration capacity and moisture retention. Tropical deforestation and poor post-forest 
land management generally result in lower Etot, but also reduce infiltration. Strongly 
diminished infiltration is typically accompanied by enhanced overland flow and can cause 
reduced groundwater recharge and baseflows. A grid-based land surface hydrological model 
(W3RA–LUM) was tailored to incorporate the trade-offs between the ‘pump’ and ‘sponge’ 
effects so to investigate where deforestation can be expected to have the greatest impacts on 
dry-season flows. Streamflow sensitivity analyses for scenarios with or without full forest 
cover and/or good versus poor surface infiltration were performed for: (i) selected tropical 
catchments with documented changes in streamflow after deforestation; and (ii) the tropics at 
large (23.5°N to 35°S, to include important seasonal montane forests). The catchment 
sensitivity analyses showed that W3A–LUM captured the streamflow response to imposed 
deforestation and changes in surface conditions reasonably well. For the tropics as a whole, 
an increase in mean annual streamflow of 18% was obtained for forest conversion (to 
pasture) only, versus 26% after an additional imposed reduction in surface infiltration. Much 
of the inferred flow increases concerned water-limited regions. A reduction in dry-season 
flows was predicted for nearly one-fifth of all grid cells (despite lower Etot after forest 
conversion) after impaired infiltration, potential 'hot spots' of hydrological change after 
deforestation and reduced infiltration. The affected grid cells shared the following key 
characteristics: (i) strong seasonality; (ii) high infiltration capacity under forested conditions; 
(iii) sufficient wet-season precipitation to recharge deep soil- and groundwater stores; (iv) 
sufficient soil water storage under forested conditions to ‘carry over’ infiltrated wet-season 
rainfall into the subsequent dry season; and (v) slow groundwater recession maintaining 
baseflow throughout the dry season.
  
Our results demonstrate that forest removal in highly seasonal tropical catchments, whilst 
typically increasing mean annual water yield, can indeed decrease dry-season flows, 
depending on pre- and post-forest removal surface conditions and groundwater response 
times.
Key words: Hydrological modelling; infiltration; land-use change; low flows; Soil 
Conservation Service Curve Number method; streamflow regime.
  
1. Introduction
   Agricultural expansion between 1980 and 2005 in the tropics (estimated at ~630 million ha; 
FAO, 2006) occurred mostly at the expense of forest (Gibbs et al., 2010). Around 20% of the 
global land surface area, most of it in the tropics, suffers from some form of land degradation 
associated with large-scale intensive post-forest land use (Bai et al., 2008; Gibbs and Salmon, 
2015). Such land-use changes can greatly alter the hydrological response, at scales ranging 
from individual hillslopes (Chandler and Walter, 1998; Ghimire et al., 2013; Toohey et al., 
2018) and headwater catchments (Brown et al., 2005; Liu et al., 2011; Krishnaswamy et al., 
2012; Recha et al., 2012), to meso-scale catchments and large river basins (Madduma 
Bandara, 1997; Costa et al., 2003; Zhou et al., 2010; Liu et al., 2015; Van Noordwijk et al., 
2017a,b) although effects tend to become less pronounced at larger scales (Rodriguez et al., 
2010; Zhang et al., 2017). Deforestation impacts on annual and seasonal streamflow totals 
depend partly on the trade-off between the associated changes in evapotranspiration (the 
‘pump effect’) and infiltration (the ‘sponge effect’) (Bruijnzeel, 2004). Typically, because 
forests exhibit both greater water uptake (transpiration) and higher interception losses 
compared to grasses and crops (Zhang et al., 2001; van Dijk et al., 2007), forest replacement 
by a (well-managed) shorter vegetation cover generally results in increases in annual 
streamflow, infiltration and groundwater recharge commensurate with the percentage of 
forest removed (Bruijnzeel, 1990; Brown et al., 2005; Zhou et al., 2015). Further, as long as 
surface infiltration characteristics are more or less maintained after forest conversion, the 
bulk of the annual streamflow increase occurs during conditions of baseflow (Bruijnzeel, 
2004; Farley et al., 2005; Lyon et al., 2017). On the other hand, where productive activities 
(cropping, grazing, extractive tree plantations) have taken place for decades, the soils 
frequently show a marked decline in porosity, infiltrability, and water retention (Martinez and 
  
Zinck, 2004; Ziegler et al., 2006; Mehta et al., 2008; Germer et al., 2009; Nyberg et al., 2012; 
Ghimire et al., 2014; Liu et al., 2015; Jiang et al., 2017; Zwartendijk et al., 2017). In seasonal 
tropical headwater catchments where soil disturbance and surface degradation have affected 
infiltration opportunities adversely, precipitation intensities typically exceed the surface 
infiltration capacity more frequently than previously under forested conditions, thereby 
promoting infiltration-excess overland flow (Chandler and Walter, 1998; Sandström, 1998; 
Bonell et al., 2010; Zimmermann et al., 2010; Ghimire et al., 2013) and enhanced peak 
discharges, sometimes to the point of negatively affecting the groundwater recharge that 
sustains streamflow during the dry season (Sandström, 1995; Roa-García et al., 2011; Recha 
et al., 2012; Krishnaswamy et al., 2013; Qazi et al., 2017), also at larger scales (> 1000 km2; 
Madduma Bandara, 1997; Rodriguez et al., 2010; Liu et al., 2015; Lyon et al., 2017; Hou et 
al., 2018). Such findings raise important questions about the extent, magnitude and sensitivity 
of the (net) impacts of forest conversion on seasonal streamflow across the tropics. Also, any 
climatic effects on long-term trends in streamflow characteristics need to be separated from 
land-use effects for a proper evaluation (Beck et al., 2013; Liu et al., 2015; Lacombe et al., 
2016; Lyon et al., 2017). Large-scale modelling studies of the impact of deforestation on 
streamflow behaviour have thus far focused mainly on the streamflow impacts induced by 
changes in evapotranspiration (Gordon et al., 2005; Mulligan and Burke, 2005; Trabucco et 
al., 2008; Mao and Cherkauer, 2009; Mishra et al., 2010; Zhang et al., 2017), whereas only a 
handful of studies have included the impact of changes in surface infiltration as well (Mahé et 
al., 2005; Liu et al., 2015; Lyon et al., 2017; cf. Zhou et al., 2015; Hou et al., 2018). 
Arguably, knowledge of changes in streamflow regimes after forest conversion assumes 
added importance in view of the projected increases in the world’s tropical population and 
associated requirements of food, water and fibres (Alexandratos and Bruinsma, 2012).
   In this study, an evaluated variant of the World Wide Water Resources Assessment model 
  
(W3RA; van Dijk et al., 2013), was tailored to incorporate deforestation impacts on both the 
‘pump’- and ‘sponge’ effects (called the W3RA Land Use Model or W3RA–LUM), with the 
aim of assessing the impacts of deforestation and soil degradation on streamflow regimes 
across the tropics, emphasizing effects on dry-season flows. W3RA has been used in global 
and regional assessments to, among others, quantify evapotranspiration from irrigated areas 
(Van Dijk et al., 2018), forecasting dryland vegetation (Tian et al., 2019), estimating water 
storage depletion (Khaki et al., 2018) and develop satellite-based river gauging (Hou et al., 
2018). Besides describing changes in land cover that directly affect evapotranspiration, the 
model’s stormflow computational scheme is akin to the Soil Conservation Service Curve 
Number Method (USDA-SCS, 1985) which permits the modification of soil parameters that 
affect surface infiltration characteristics and therefore the production of storm runoff. Curve 
numbers were originally derived from recorded rainfall-runoff data for small (agricultural) 
catchments in the Mid-Western U.S.A. (Hawkins et al., 2009), hence care should be 
exercised in transferring values to other areas with possibly very different rainfall and soil 
characteristics like the tropics (cf. Ogden et al., 2017). Nevertheless, although empirical in 
their derivation, various studies have justified the curve-number equations on theoretical 
grounds (Schaake et al., 1996; Yu, 1998; Mishra and Singh, 2003) and through field 
measurements, also in the (sub-)tropics  (Descheemaeker et al., 2008; Yu, 2012; Blair et al., 
2014). Also, despite having been criticized for not representing (subsurface) runoff-
generating processes in forest land explicitly (Ogden et al., 2017),  the method has been used 
successfully to demonstrate changes in storm runoff associated with land-use change in very 
different environments (Descheemaker et al., 2008; Beck et al., 2009; El-Hames, 2012; Wang 
et al., 2012; Blair et al., 2014). More importantly, the SCS-CN approach is currently the only 
method amenable to global application that has a strong empirical basis and is responsive to 
changes in soil characteristics (cf. Hong and Adler, 2008; Zeng et al., 2017). The chief 
  
objective of this paper is to assess where, and why, tropical deforestation can be expected to 
have the greatest impacts on dry-season flows. Two types of analysis, following a model 
evaluation, are conducted to achieve this: (i) a qualitative comparison of the simulated 
hydrological responses in W3RA-LUM against observed responses as a result of imposed 
changes in vegetation and/or soil condition for four catchments (3–175,360 km2) in the 
seasonal tropics of Java, Tanzania, Amazonia and Sri Lanka that have well-documented 
hydrological changes after deforestation; and (ii) deforestation modelling scenarios across the 
tropics (23.5°N to 35°S, to include important seasonal montane forests) with and without 
concurrent changes in surface infiltration conditions, to obtain a more realistic assessment of 
‘real-world’ deforestation impacts on water yield, and on dry-season flows in particular, 
finding ‘hot spots’ where deforestation has greater impact.
2. Methods and materials
2.1. Hydrological model structure
   W3RA, on which W3RA–LUM is based, is a global implementation of the AWRA-L 
landscape hydrology model (Van Dijk, 2010a) that is used operationally by the Australian 
Bureau of Meteorology to produce national-scale water balance information (Frost et al., 
2016). W3RA is a one-dimensional grid-based land surface model that uses lumped models 
of the water budget for the soil-, groundwater- and surface water stores as applied to 
individual grid cells. W3RA–LUM is run at a grid resolution of 1o and at a daily time-step, 
commensurate with the resolution of high-quality long-term global climatic data-bases (see 
Section 2.2 below). A model evaluation of W3RA-LUM for 1432 tropical catchments with an 
area<10,000 km2 (about the grid cell size of the model) and also for 12 large catchments with 
an area >10,000 km2 is described in the Supplementary Material section. The structure of 
  
W3RA, the equations describing the various hydrological processes it represents, and 
justifications for specific adopted parameter values are discussed by Van Dijk et al. (2013). 
The W3RA-component that partitions (net) precipitation into stormflow (overland flow) and 
infiltration, as well as the modules that simulate soil water- and groundwater flows are 
described in the Supplementary Material section. W3RA’s stormflow module was modified 
in W3RA–LUM so as to allow incorporation of the effect of surface degradation on runoff 
generation (see below). The following hydrological processes are simulated by W3RA–LUM 
(Fig. 1): (i) partitioning of incident precipitation into interception evaporation and net 
precipitation; (ii) partitioning of net precipitation into infiltration, infiltration-excess overland 
flow, and saturation-overland flow; (iii) snow melt and snow accumulation (not used in the 
tropical variant used here); (iv) vertical water movement within a topsoil compartment, 
including infiltration, drainage and soil water evaporation; (v) vertical water movement 
within a shallow soil compartment including incoming (from the topsoil above) and exiting 
drainage (to the compartment below) as well as root water uptake (transpiration); (vi) vertical 
water movement within a deep soil compartment (same processes as distinguished for the 
shallow soil compartment); (vii) vertical water movement in a groundwater store including 
recharge, capillary rise and outflow; and (viii) surface water body dynamics, including 
inflows via overland flow and river discharge, losses via open-water evaporation, and 
catchment water accumulation (flooding) (cf. Van Dijk et al., 2013). In addition, vegetation 
cover is adjusted dynamically through a simple model that predicts water-related vegetation 
phenology (Van Dijk, 2010a). The version used here simplified any sub-grid variation in 
vegetation cover by considering only two ‘hydrological response units’ (HRUs): (a) deep-
rooted, tall vegetation (‘forest’), which can use water from the shallow and deep soil water 
stores; and (b) shallow-rooted short vegetation (‘grassland), which can only use water from 
  
the shallow- and top-soil water stores (Van Dijk, 2010a). Thus, soil-water and energy 
balances are simulated separately for each HRU.
<Figure 1 about here>
   Regarding the equations describing stormflow production in W3RA and W3RA–LUM (see 
Equation S1 in the Supplementary Material), it can be shown (Van Dijk, 2010c) that the term 
describing infiltration-excess overland flow generation (i.e. the first term in Eq. S1) is 
mathematically equivalent to the stormflow term of the SCS-CN method (i.e., QCN, mm d-1):
   max
2
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IP
Q
ag
ag
CN 

, (1)
where Pg is gross precipitation (mm), Ia is the initial abstraction loss (interception, initial 
infiltration losses and surface storage losses), and Smax is the (hypothetical) soil water storage 
capacity at which half of the net precipitation falling on an unsaturated soil is able to infiltrate 
while the other half runs off (USDA-SCS, 1985). To avoid the need for independent 
estimation of Ia, a linear relationship with Smax was proposed and empirically justified by 
Ponce and Hawkins (1996)  as  follows: Ia = λSmax, where λ (the so-called initial abstraction 
ratio) was given a value of 0.2. Using the latter value in Eq. (1) yields:
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   For convenience, Smax was related by Hawkins et al. (2009) to a dimensionless parameter 
whose value ranges between zero (for the maximum theoretical soil water storage Smax) and 
100 (for a completely dry soil) and which is commonly referred to as the curve number (CN):
25425400max  CNS . (3)
  
   In the CN-approach, each catchment is assumed to be represented by a (dominant) 
‘Hydrological Soil Group’ (HSG) and a ‘Hydrological Soil Condition’ (HSC). Four HSGs 
(groups A–D) are distinguished, which correspond to different classes of soil infiltration 
capacity: group A has ‘high’ infiltration capacities, while groups B, C and D have 
‘intermediate’, ‘low’ and ‘very low’ infiltration capacities, respectively (USDA-SCS, 1985). 
Similarly, the effect of land cover and/or management is characterized by the HSC for which 
three categories (‘good’, ‘fair’ and ‘poor’) are distinguished. The hydrological soil condition 
is generally determined in the field considering such factors as vegetation density, fractional 
cover and thickness of surface litter, and surface roughness (USDA-SCS, 1985). Recent 
progress in remote sensing-based mapping of land use and land cover, and the availability of 
soil maps at a global scale have made the derivation of a global map of CN-values feasible, 
albeit within the limitations and uncertainties of the respective data sources (Hong and Adler, 
2008; Zeng et al., 2017).
   To tailor CN-values to tropical conditions, we first used the 1 km grid-cell Harmonised 
World Soil Database (FAO/IIASA/ISRIC/ISSCAS/JRC, 2012) – which is based on the 
FAO/UNESCO Soil Map of the World (FAO/UNESCO, 1977) – to derive a global map of 
HSGs in which the four drainage classes as distinguished by USDA-SCS (1985) were 
equated to the qualitative FAO drainage classification which is based on actual soil types 
(rather than texture only) and adjusted for tropical soil characteristics (Table 1).
<Table 1 about here>
   Next, we compiled published CN-values for different HSGs, land-cover types and 
associated HSCs from USDA-SCS (1985) and Hong and Adler (2008). However, in contrast 
to Hong and Adler (2008) – who only considered ‘fair’ conditions when deriving their global 
CN-map – surface condition (i.e. HSC-class) was considered explicitly in the current effort 
  
using a global satellite-based proxy of land degradation (Bai et al., 2008). Bai et al. (2008) 
used trends in the 15-day rain-use efficiency (RUE)-adjusted normalized difference 
vegetation index (NDVI) for 8 x 8 km grid cells between 1981 and 2003 to infer areas with a 
long-term decline in ecosystem functioning and productivity (in terms of NDVI) that were 
not related to precipitation effects. To derive a preliminary HSC-map for the tropics, an HSC-
class was assigned to each grid cell of the Bai et al. (2008) global degradation map based on 
the slope (or lack thereof) of the negative RUE-adjusted normalised NDVI trend. ‘Good’ 
hydrological conditions were linked to grid cells showing a positive or no trend, ‘fair’ 
conditions to grid cells with trends between 0 and -0.02, and ‘poor’ conditions to trends 
smaller than -0.02. Subsequently, the 1 km grid-cell resolution UMD Global Land Cover 
Classification of Hansen et al. (2000) was used to characterise land use across the tropics. 
The 8 km x 8 km HSC-map was then subsampled to the 1 km grid-cell resolution of the land 
use/land cover- and HSG-maps. Finally, a pan-tropical map of CN-values was derived by 
linking the HSG- and HSC-maps to the corresponding CN-values listed in Table 2, which 
was subsequently re-sampled to the 1o grid-cell resolution used in W3RA–LUM by averaging 
the respective curve numbers of all land-cover types present within the grid cell. 
<Table 2 about here>
2.2. Meteorological and biophysical input data
   Gridded daily 1º resolution meteorological forcing data used in the present analysis 
included daily precipitation (P in mm), incoming short-wave radiation (SWdown in Wm-2), and 
minimum and maximum temperatures (Tmin, Tmax in ºC) for 1948–2008 as taken from the 50-
Year High-Resolution Global Dataset of Meteorological Forcings for Land Surface 
Modelling developed by Sheffield et al. (2006). These long-term time-series were used to 
  
overcome any inter-annual and inter-decadal precipitation variability effects in the 
deforestation modelling scenarios.
   The vegetation cover fractions for each HRU in W3RA–LUM were estimated from the 500 
m resolution map of tree cover derived from MODIS reflectance data for the period 2000–
2001 (Hansen et al., 2003). Each grid cell provided percentages of tall woody or grass 
vegetation, as well as bare ground and open water surfaces. Other biophysical data used in 
the energy balance computations (see Van Dijk (2010a) and Van Dijk et al. (2013) for 
details) included an albedo climatology (after Moody et al., 2005; http://modis-
atmos.gsfc.nasa.gov/ALBEDO/), and wind speed (1983–1993; 
http://eosweb.larc.nasa.gov/sse/) to compute aerodynamic conductance for the estimation of 
plant transpiration.
2.3. Streamflow sensitivity analysis for selected tropical catchments
   An initial streamflow sensitivity analysis was performed to qualitatively evaluate W3RA–
LUM and the hydrological processes it simulates in response to changes in land-cover type 
and/or soil conditions for four comparatively data-rich tropical catchments (3–175,360 km2) 
with documented changes in streamflow and representing seasonal conditions of varying 
intensity. The basic characteristics of these catchments and the types of land-cover and 
hydrological changes involved are listed in Table 3, whereas the corresponding observed 
long-term changes in streamflow regime for three out of the four catchments are shown in 
Fig. 2. 
<Table 3 about here>
<Figure 2 about here>
  
   Four different sensitivity simulations were conducted using W3RA–LUM for each of these 
four locations, viz. model runs with: (i) 100% forest cover (100FC); (ii) 0% forest cover (i.e., 
100% grass cover, 0FC) without any change in soil condition; (iii) 100% forest cover with a 
maximum negative change in soil condition (100FCSC); and (iv) 0% forest cover and 
maximum negative change in soil condition (i.e., 0FCSC). These realisations would thereby 
impose upper and lower limits to test the trade-offs between the ‘pump’ and ‘sponge’ effects.
   Runoff Curve Numbers for the 100FC-scenario were derived by supplanting grassland CN-
values (Table 2) with those for the regionally dominant forest type (according to the UMD 
Global Land Cover Classification) and vice versa for the 0FC-scenario. It was also assumed 
that for the imposed negative change in soil condition SC, any decrease in forest cover was 
associated with a change from good to poor HSC (cf. Table 2), thus reflecting the most 
extreme case of soil disturbance, and vice versa for increases in forest cover. Subsequently, 
the simulations were conducted for each location and scenario using daily climatic data for 
the years 1948–2008 as input (Sheffield et al., 2006). The resulting plots of long-term mean 
monthly streamflow regimes were used to assess the robustness of the W3RA-LUM 
simulations by comparing them with the observed changes in flows (cf. Fig. 2).
2.4. Streamflow sensitivity analysis across the tropics
   Streamflow sensitivity simulations were also conducted applying the 100FC-, 0FC- and 
0FCSC-scenarios to the entire tropics. The forest-cover data used in the 100FC-scenario were 
taken from the map of potential forest cover compiled by Billington et al. (1996). The map 
was amended to include areas not classified as forest originally but that are currently under 
forest (see Mullligan (2010) for details). As in the previous sensitivity analysis for selected 
tropical catchments, curve numbers pertaining to each of the four scenarios were computed 
by replacing the dominant forest type by grassland and vice versa for increases in forest 
  
cover, as per the amended Billington et al. (1996) map. In addition, any decrease in forest 
cover was associated with a change from good to poor HSC.
2.5. Indicators of streamflow regime alterations 
   Three indicators based on monthly streamflow amounts were computed to identify grid 
cells for which the streamflow regime was altered by changes in forest cover and/or surface 
condition. The following indicators were computed (partly modified from Döll et al., 2009):
 The indicator for the effect of forest conversion on long-term mean annual streamflow 
(ILTA) computes the relative difference in long-term mean annual streamflow before 
and after conversion.
 The indicator for the effect of forest conversion on streamflow seasonal amplitude 
(ISA) computes the relative difference in long-term mean seasonal amplitude (highest 
monthly streamflow minus lowest monthly streamflow) before and after conversion.
 The indicator for the effect of forest conversion on low flows (ILF) computes the 
number of months with decreased (total) flows out of four months during the dry-season 
(months with lower streamflow) after conversion. In contrast to both ILTA and ISA, 
ILF is a categorical indicator which can assume integer values from 0 to 4, depending 
on the number of months with decreased flow during the dry season. A period of four 
months of low flows was determined for every grid cell from the corresponding long-
term monthly averages. A duration of four months was chosen because in many areas 
the dry season lasts longer than 2 months (Foster and Chilton, 1993).
   Due to uncertainties in the model input data (particularly precipitation), as well as in the 
predicted streamflow outputs and overall model bias, the respective indicators were 
interpreted mostly in relative rather than absolute terms. In addition, due to the relatively 
coarse scale of the analysis, the derived indicator values should be considered as first 
  
estimates and were used mainly to identify: (i) potential ‘hot spots’ of hydrological change 
after forest conversion and soil degradation across the tropics; and (ii) the chief underlying 
biophysical characteristics of these ‘hot spots’ that render the hydrological regime of such 
areas vulnerable to change.
3. Results
3.1. Curve Number-related maps for tropical conditions
   The Hydrological Soil Condition map (HSC) derived for the tropics as a whole is shown in 
Fig. 3a, while the spatial patterns for HSC and the degree of land degradation according to 
the RUE-adjusted trend in NDVI of Bai et al. (2008) are compared for the Republic of South 
Africa in Figs. 3b and 3c, respectively, showing reasonable agreement. Figure 4 depicts the 
corresponding map of Hydrological Soil Groups (HSG) for the tropics at large, whereas the 
re-sampled 1° grid-cell resolution Curve Number map is shown in Fig. 5a. Pan-tropical 
values of CN are normally distributed (mean ± standard deviation = 71 ± 8, n = 3743 grid 
cells) with 90% of the values falling between 60 and 91.As an example, the spatial variability 
in predicted amounts of storm runoff across the tropics for a uniformly distributed design 
event rainfall of 50 mm (using Eq. (2)) under current land-cover conditions is shown in Fig. 
5b.
<Figure 3 about here>
<Figure 4 about here>
<Figure 5 about here>
3.2. Streamflow sensitivity analyses for selected tropical catchments
  
   The simulated patterns of monthly streamflow (Qtot) for the 235 km2 upper Konto 
catchment (East Java) showed Qtot and evapotranspiration (Etot) to behave similarly in 
simulations for a given land cover (i.e., forest or grassland), regardless of any contrasts in 
infiltration conditions SC (Fig. 6a, b). A (very) slight reduction in Qtot was observed during 
the dry months of June–August in the 0FCSC-scenario compared to the 100FC-case (Fig. 6a). 
Changes in Etot for the 0FC- and 0FCSC-scenarios showed a decline during the dry season 
that was both delayed and petering off compared to the 100FC-scenario (Fig. 6b) indicating 
lowered moisture availability in the shallow-soil compartment during this time of year and 
causing a further reduction in grassland Etot during the dry season. Nonetheless, changes in 
soil condition redistributed the components of Qtot, such that the simulations imposing a 
negative change in SC gave higher storm runoff (QR) and lower baseflow (Qg) (Figs. 6c and 
d). Furthermore, wet-season Qtot (January–April) was enhanced in the two non-forest 
simulations (i.e. with and without SC), whereas the associated seasonal peak occurred one 
month earlier (Fig. 6a).
<Figure 6 about here> 
   In the small (3 km2) sub-humid Babati catchment (Tanzania), changes in soil conditions 
proved more important than differences in vegetation cover (i.e., in Etot). The two simulations 
with imposed negative changes in SC gave higher streamflow during wet months (January–
April) than did the simulations without changed SC, regardless of forest presence or absence 
(Fig. 7a). Pertinently, most of the change in Qtot resulted from changes in storm runoff QR, 
with a negligible effect on baseflow Qg (Figs. 7c and d). Etot almost halted in the long dry 
season for the 0FC-simulations (Fig. 7b) due to insufficient water storage in the shallow-soil 
compartment. Simulated Etot was higher for grassland than for forest during wet months, but 
  
the simulations with 100FC sustained Etot throughout the dry season because of continued 
access of the roots to deep soil water stores (Fig. 7b).
<Figure 7 about here>
   Vegetation cover was more important than soil conditions in the large (175,360 km2) 
Tocantins river basin (Amazonia) in explaining the changes in monthly Qtot and Etot 
associated with the respective scenarios (Fig. 8). However, amounts of Qtot appeared to be 
modulated by SC (Fig. 8a) because peak Qtot occurred two months earlier in the simulations 
with changed SC, while flows in the initial dry season months (May–July) were slightly 
reduced. In the scenarios without an imposed change in SC, the results indicated a ‘carry 
over’ of water that had infiltrated during the rainy season well into the dry period in the form 
of sustained Qg (Fig. 8d). Seasonal patterns of Etot for the Tocantins were similar to those for 
the Babati area, although in the Amazonian case there was sufficient water stored in the 
shallow soil layer to sustain some Etot for the grassland during the dry months (Fig. 8b). 
<Figure 8 about here>
   In the monsoonal but more humid upper Mahaweli catchment (1100 km2, Sri Lanka), Qtot 
in the 100FC-scenario was generally lower than in the simulations with 0FC (Fig. 9a), 
whereas Etot was higher throughout the year in 100FC-simulations (Fig. 9b). The recession of 
Qtot appeared to be controlled by SC, with faster recessions observed in the simulations 
involving a change in SC. Simulations with 0FC also had higher Qtot during the dry months, 
regardless of changes in SC (Fig. 9a), although Qg was slightly reduced relative to forested 
baseline conditions in the 0FCSC-scenario (Fig. 9d). Further, the seasonal peak occurred one 
month earlier (November versus December) in the simulations with changed SC (Fig. 9a). 
<Figure 9 about here>
  
3.3. Streamflow sensitivity analysis across the tropics
   For the tropics as a whole, the predicted relative change in long-term mean annual 
streamflow (ILTA) increased by 18% when only vegetation cover was changed (from 100FC 
to 0FC), whereas it increased by 26% when soil conditions were changed adversely as well 
(i.e. from 100FC to 0FCSC). For the 100FC to 0FC scenario (Fig. 10a), substantial increases 
in ILTA (>30%) were generally predicted for areas with high precipitation, but also in some 
areas with seasonal precipitation (e.g., the Brazilian cerrado zone, Madagascar, mainland 
Southeast Asia, Sub-Saharan East Africa, northern Australia, North-east and West India, 
western Mexico). Corresponding predicted increases in flows in less humid areas were less 
pronounced (e.g., eastern Brazil, southern Madagascar, inland Australia, central India, 
northern Mexico) but ILTA-values increased substantially in these drier areas after additional 
land degradation (100FC– 0FCSC scenario; Fig. 10b).
<Figure 10 about here>
   The predicted contrasts in changes in ILTA associated with the two main scenarios 
(deforestation-only and deforestation plus soil degradation) under different climate conditions 
are illustrated in Fig. 11 as a function of the grid-cell humidity index (HI, defined as 
MAP/PET, with MAP being the mean annual precipitation and PET, potential 
evapotranspiration). Changes in ILTA for the 100FC–0FC (Fig. 11a) and 100FC–0FCSC 
scenarios (Fig. 11b) were more pronounced in drier areas (HI<0.9) and less marked in wetter 
areas (HI>1.3).
<Figure 11 about here>
  
   The spatial patterns obtained for the changes in the seasonal (flow) amplitude indicator 
(ISA) corresponding with the respective scenarios were similar to those found earlier for the 
ILTA, although negligible change (<1%) was found for some (humid) areas in the Congo 
Basin and central South America under either scenario (Fig. 12). For the tropics as a whole, 
the average inferred change in ISA was 11% for the deforestation scenario but 20% for the 
deforestation plus soil degradation scenario.
<Figure 12 about here>
   The results for the third indicator of streamflow change, i.e., the number of months with 
decreased Qtot during the four months with the lowest flows (ILF), are shown only for the 
100FC–0FCSC comparison (Fig. 13) as results for the 100FC–0FC scenario would be trivial 
(higher Qtot in the 0FC-case because of reduced Etot would render ILF zero throughout). The 
simulation results identified a number of areas with a reduction in Qtot for some of the driest 
months, despite the associated decreases in Etot. Out of the total number of 3743 grid cells, 
704 cells (19%) exhibited potentially reduced low flows during at least one month (i.e. ILF 
≥1). Figure 13 shows several clusters with ILF≥1, notably in Central America, northern South 
America, the Andes, Bolivia, Brazil, the Caribbean, Congo, Gabon, Tanzania, Ethiopia, 
South Africa, Madagascar, northern India, Bangladesh, as well as several countries in 
Southeast Asia and parts of northern Australia.
<Figure 13 about here>
   To shed further light on the possible factors underlying the patterns shown in Fig. 13 for 
values of ILF ≥1, the distributions of selected climatic and physical characteristics (including 
model inputs, parameters and state variables) of two grid-cell sample populations were 
examined for the 100FC-simulations (i.e., before a change in forest cover): (i) all model grid 
cells (n = 3743, excluding semi-desert areas with an MAP <400 mm where dry-season flows 
  
will be small to non-existent); and (ii) all grid cells with ILF≥1 (n = 704). The two 
populations were compared using normalised probability distribution plots (Fig. 14). Of all 
the climatic and physical characteristics examined, probabilistic distributions of the mean 
humidity index (HI), potential maximum soil water storage capacity (Smax), soil water content 
in the shallow and deep stores (Stot), and groundwater recession coefficient (Kg) for the two 
grid-cell sample populations suggested an important difference between the two groups. In 
terms of climatic attributes, cells with ILF≥1 had higher HI-values (mean 1.20 ± 0.47 
standard deviation) than did all modelled cells (0.70 ± 0.58) (Fig. 14a), whereas the 
probability distribution functions for MAP and the seasonality index SI (see Table 1 for 
explanation) did not differ much between the two samples (not shown).
<Figure 14 about here>
   The two physical model parameters, Smax and Kg also had different probabilistic 
distributions for the two sample populations (Figs. 14b and d). The PDF of Smax in all model 
grid cells exhibited a greater skew than that for the cells with ILF≥1. This was also the case 
for Kg, for which the average of all model cells with ILF≥1 was 0.06 d-1 (corresponding to a 
half-time of approximately 12 days) compared to 0.11 d-1 (half-time of ~ 6 days) for all model 
grid cells. The most dissimilar PDFs were found for the state variable representing soil water 
content in the shallow and deep compartments (Stot): while a negatively skewed and bimodal 
probabilistic distribution was computed for Stot in all model cells with ILF≥1, which indicated 
wetter soil conditions throughout. A summary of cell sample statistics is given in Table 4.
<Table 4 about here>
4. Discussion
  
4.1. Curve Numbers for stormflow estimation under tropical conditions
   The soil drainage classification used in this study is based on the FAO/UNESCO Soil Map 
of the World which implies certain limitations that relate not only to the scale of the map, but 
also to the fact that soil types with potentially different drainage characteristics were lumped 
together. For example, different Ferralsols or Acrisols can exhibit different drainage 
characteristics due to differences in clay mineralogy (Tomasella and Hodnett, 1997; 
Elsenbeer, 2001; Chappell et al., 2007). In general, clay mineralogy affects soil permeability 
because of its effects on aggregate stability and structure (Driessen et al., 2001). In addition, 
the FAO/UNESCO Soil Map of the World was prepared mainly for agricultural purposes and 
its classifications are mostly based on edaphic and pedological characteristics. Consequently, 
most of the detailed mapping was conducted in (lowland) agricultural areas, whereas uplands, 
mountains and forested areas were poorly sampled by comparison 
(FAO/IIASA/ISRIC/ISSCAS/JRC, 2012). However, perhaps the greatest disadvantage of the 
map is the qualitative nature of the information on soil hydraulic properties (Terribile et al., 
2011). Despite these limitations, the FAO/UNESCO map still represents the only world-wide 
soil classification that provides consistent, harmonised characteristics for each soil unit 
(Eswaran et al., 2008). As such, it has been used in several large-scale hydrological 
modelling applications (e.g., Döll et al., 2003; Gudmundsson et al., 2012; Zhao et al., 2012).
   The adjustment of the SCS–HSG groups to tropical conditions was necessary because the 
classification rules were developed for soils in the U.S.A. and mainly based on soil texture 
(Table 1). There are no established criteria that justify application of the same rules outside 
the U.S.A. For instance, based on their typically high clay contents, the generally well-
drained Ferralsols (FAO soil classification, IUSS Working Group WRB, 2006) would be 
classified as type D or C in the USDA–SCS classification (Sartori et al., 2009).
  
   As for the curve number values reported here (Table 2 and Fig. 5a), upon visual inspection 
(Fig. 5a) some CN-values appear to differ from those inferred by Hong and Adler (2008). 
The cause of this discrepancy may well be the fact that the HSG-classification used by Hong 
and Adler (2008) was based on soil texture alone whereas no distinction was made between 
different HSCs. For example, their inferred CN- values for forest in Amazonia and the Congo 
Basin (~75–95) are quite high. In terms of the prevailing land cover and soil types this would 
seem counterintuitive, since both areas have generally well-drained Ferralsols as the 
dominant soil type (FAO/UNESCO, 1977) and even for poor HSCs, their CN-values should 
rather range between 40 and 65 (Table 2). Conversely, the CN-values reported here are 
similar to values that have been validated empirically at various tropical locations (Dilshad 
and Peel, 1994; Descheemaeker et al., 2008; Sartori et al., 2009; cf. Yu, 2012).
4.2. Streamflow sensitivity analysis for selected tropical catchments
   Patterns of total streamflow (Qtot) varied between the four examined catchments, with some 
interesting dynamics pertaining to dry-season flows (Fig. 2 and Figs. 6–9). The imposed 
changes in CN-values to represent poor soil conditions in the scenarios involving surface 
degradation did alter rainfall infiltration and the rate of streamflow recession at the end of the 
wet season, such that amounts of monthly storm runoff (QR) increased and streamflow 
recessions became faster. This had an impact on dry-season flows in several of the 
catchments. In the upper Konto catchment (Java), the patterns (but not the magnitude) of 
mean seasonal Qtot as simulated in the scenarios with 100% forest cover (100FC) and 0% 
forest cover plus a negative change in soil condition (0FCSC) were similar to the ones 
reported by Rijsdijk and Bruijnzeel (1991) (cf. Figs. 6a and 2a). The modelled slight 
reduction in dry-season flows in the 0FCSC-scenario may be ascribed to the loss of 
  
infiltration opportunities imposed by the model parameterisation. Rijsdijk and Bruijnzeel 
(1991) themselves attributed the observed reduction in dry-season flows to poor soil 
conservation practices on rain-fed cropland (occupying ca. 33% of the catchment area) as 
well as to an increase in sealed surfaces (roads, settlements, footpaths, together occupying ca. 
5%) which proved to be a major supplier of surface runoff (Rijsdijk et al., 2007).
   The increase in modelled maximum monthly Qtot during the wet season in the 0FCSC-
simulations for the sub-humid Babati catchment in northern Tanzania is consistent with the 
reported increase in wet-season flows over time for this area (Sandström, 1995). Most of the 
simulated increase was due to enhanced overland flow occurrence during the wet season 
which was caused, in turn, by a gradual loss of bio-porosity during progressive surface 
degradation (Sandström, 1998). Changes in vegetation cover in this low-rainfall environment, 
where the natural vegetation consists of open woodland and shrub rather than tall closed 
forest, proved to be less important (Fig. 7).
   In the large (175, 360 km2) Amazonian Tocantins river basin, the simulated patterns 
(although not the exact magnitudes) of mean seasonal Qtot for the 100FC- and 0FCSC-
simulations were similar to the ones observed by Costa et al. (2003) (see Fig. 8a and Fig. 2b) 
for two periods before and after major forest conversion to grazed pasture, respectively (cf. 
Table 3). As in our simulations, the inferred reduction in infiltration opportunities advanced 
by Costa et al. (2003) was not large enough to produce a marked reduction in dry-season 
flows after the change in vegetation cover, although there were changes in streamflow 
recession rate and overall redistribution of dry-season flows (Fig. 8).
   The simulation results for the upper Mahaweli catchment in Sri Lanka (Fig. 9) did not fully 
support the slight decrease in dry-season flows reported by Madduma Bandara (1997), 
although the strongly enhanced wet-season flows in the two simulations involving an adverse 
  
change in soil hydrological conditions (Fig. 9a) were in agreement with observations (Fig. 
2c). It should be noted that, in this particular case, well-managed tea plantations (not 
undisturbed forest) were replaced by annual cropping and home gardens without appropriate 
soil conservation measures (Madduma Bandara, 1997). Therefore, a more pertinent 
comparison would be that between the 0FC- and 0FCSC-scenarios for which indeed a slight 
decrease in streamflow during one dry-season month was simulated (Fig. 9a).
   Naturally, the simulation results obtained for these four sample catchments are site-specific 
and reflect the representation of the respective hydrological processes in W3RA–LUM, the 
specific parameter values used in the modelling, as well as the experimental design itself (i.e., 
comparison of full forest presence versus complete absence of forest). With regard to the 
magnitude of evapotranspiration (Etot), W3RA–LUM mainly considers the effects of soil 
water availability, since this is most likely to have the greatest impact on transpiration in 
seasonal tropical environments (Roberts et al., 2005; Costa et al., 2010; Kunert et al., 2017). 
Other factors, such as energy availability for evaporation and duration of wet-canopy 
conditions may play a similarly important role in more humid environments carrying rain 
forests (Kumagai et al., 2004; Kume et al., 2011; Holwerda et al., 2012). Some of these 
aspects are incorporated in W3RA–LUM through its interception evaporation routine (van 
Dijk, 2010a).
   Sensitivity simulations for the catchments with the most pronounced precipitation 
seasonality (Babati and Tocantins, cf. Table 3) gave higher Etot for grassland at the end of the 
wet season compared to the fully forested situation (Figs 7b and 8b). This may be consistent 
with the notion that grasses tend to adopt a less conservative water-use strategy compared to 
trees (Rodriguez-Iturbe and Porporato, 2004; Wolf et al., 2011; Brauman et al., 2012). 
Reported flux tower observations of daily mean or maximum transpiration rates are similar or 
  
even higher for (mostly temperate) grasslands than for forests (Teuling et al., 2010) but 
comparable values for forest and grassland have also been obtained under tropical conditions 
(Wolf et al., 2011; Brauman et al., 2012). However, the eddy covariance method used in the 
latter studies is generally unreliable during times of precipitation and estimates of 
interception evaporation obtained in this way may well be too low (van Dijk et al., 2015), 
which may go some way towards explaining the higher Etot reported for grassland at the end 
of the wet season. Nevertheless, in some shrub-dominated environments, such as Amazonian 
cerrado (as found in parts of the Tocantins catchment) and the sub-humid Babati catchment, 
the leaf area index (LAI) of grasses during the wet season is comparable to (or higher than) 
those of trees and shrubs, with water content in the shallow-soil compartment (down to 1 m) 
being strongly and positively correlated to the LAI of the grass (Waterloo et al., 1999; cf. 
Hoffmann et al., 2005). In our sensitivity simulations, Etot for grassland (i.e. in the 0FC-
scenarios) reached a minimum at the end of the dry season in the more water-limited 
environments, or halted altogether (e.g. at Babati; Fig. 7b). Typical cerrado vegetation has a 
grassy layer that becomes inactive during the dry season (Giambelluca et al., 2009) while the 
same has been observed for fire-climax grasslands in the outer tropics (Waterloo et al., 1999). 
For a seasonal Amazonian forest site, Negrón Juarez et al. (2007) concluded that under 
normal or below-normal dry-season precipitation conditions, more than 75% of Etot was 
supplied by soil water below 1 m depth, whereas during a rainier dry season, this would be 
about 50%. Soil moisture found at <1 m depth was typically recharged by precipitation 
during the wet season (Negrón Juarez et al., 2007). Deep roots in forests are likely to become 
more important in maintaining high rates of Etot in the dry season because of their ability to 
access deeper soil water during times of generally enhanced insolation levels (Nepstad et al., 
1994; da Rocha et al., 2004; cf. Kunert et al., 2017). Model sensitivity to imposed 
deforestation (both in terms of vegetation and soil condition changes) at these sites and 
  
elsewhere will also depend on additional factors that were not considered in W3RA–LUM at 
the presently used spatial and temporal resolutions (1o and 1 day, respectively), but which 
may be incorporated in more refined future model versions, including: sub-daily variations in 
cloud cover and rainfall intensity, and, especially, mosaic vegetation patterns (Bierkens, 
2015), as well as variations in relief and geology that affect water retention and residence 
time (Chappell et al., 2007; Peña-Arancibia et al., 2010; Gleeson et al., 2011; Beck et al., 
2013; Zhou et al., 2015).
4.3. Streamflow sensitivity analysis across the tropics
   The previous sensitivity analyses for individual well-documented catchments suggested that 
the representation of relevant hydrological processes (particularly for the seasonal tropics) by 
W3RA–LUM, as well as its performance when predicting the direction of change upon 
imposed deforestation and changed soil conditions was good enough to warrant the use of the 
model in a broader-scale analysis spanning the entire tropics. Due to the many uncertainties 
in the forcing and land-cover data used, scale issues, and other processes not captured by the 
model (e.g. potentially negative effects of large-scale deforestation on precipitation 
generation or cloud water inputs (Bruijnzeel et al., 2011; Ellison et al., 2012; Ellison et al., 
2017; cf. Li et al., 2018), the present results should be considered an indication of the scale of 
change associated with tropical forest conversion, rather than a quantitative prediction of 
actual change (Coe et al., 2011). Nevertheless, some striking and suggestive patterns were 
obtained. For example, the higher overall value obtained for the relative change in long-term 
mean annual streamflow (ILTA) after including an imposed negative change in soil 
conditions after deforestation (i.e. an average flow increase of 26% versus 18% for forest 
conversion only; Fig. 10), plus the correspondingly higher values for the long-term mean 
  
seasonal amplitude (ISA) of streamflow during rainy months (Fig. 11), suggest that dry-
season flows may well decrease due to deforestation and subsequent soil degradation in areas 
where streamflow is highly seasonal. Further support for this comes from the fact that 97% of 
the grid cells with a predicted decrease in Qtot during at least one month in the low flow 
season (i.e., ILF ≥1) had a seasonal precipitation regime (i.e. a Seasonality Index SI >0.2), 
while 64% of the cells had a markedly seasonal regime (SI >0.6). 
   The statistics (Table 4) and probability distribution functions (PDF) for various physical 
and model parameters (Fig. 14) that were derived for grid cells showing reduced dry-season 
flows for at least one month (i.e. ILF ≥1) after deforestation and soil degradation provide a 
clear rationale for identifying the key characteristics of areas in which dry-season flows are 
likely to be more sensitive to deforestation impacts and subsequent surface degradation. In 
terms of site Humidity Index (HI), 65% of the grid cells with ILF ≥1 had an HI >1, whereas 
90% had an HI >0.65. The PDF for HI was also less negatively skewed for the grid cells with 
ILF ≥1 than that for all model grid cells with an MAP >400 mm (Fig. 14a). In the case of 
seasonal climates, this surplus of rainfall over potential evapotranspiration occurs generally 
during the wetter 3–6 months. Some of this surplus may infiltrate (and contribute to Etot) or 
will run off along the surface, depending on prevailing precipitation intensities and changes 
in soil infiltration characteristics associated with deforestation (Bruijnzeel, 2004). The 
distribution of Smax (a proxy for surface infiltration capacity and topsoil moisture retention) 
for grid cells with ILF ≥1 was also less negatively skewed that that for all model grid cells 
(Fig. 14b), suggesting better infiltration opportunities and retention in the former. Common 
deforestation practices in the tropics, such as mechanized forest clearing for timber 
harvesting and cattle ranching, or intensive agriculture cause a number of topsoil disturbances 
(particularly loss of organic matter, increased compaction and surface erosion), with the 
degree of the disturbance determining the magnitude of the reduction in infiltration capacity 
  
and moisture retention (Alegre and Cassel, 1996; Ziegler et al., 2004; Sidle et al., 2004; Grip 
et al., 2005; Negishi et al., 2008; Nyberg et al., 2012). With respect to the parameter Stot 
(representing the total amount of water stored in the soil profile), deep soils capable of storing 
large amounts of water (and having, by implication, better infiltration opportunities) may 
‘carry over’ soil moisture from the wet to the dry season (or even from wet to dry years,  
Tomasella et al., 2008; Cheng et al., 2017). These effects are illustrated in Fig. 14 through the 
normalised probability functions of Smax and Stot for all model grid cells with ILF ≥1.
The mean groundwater recession coefficient (Kg) for all grid cells with ILF ≥1 implied a half-
time that was roughly twice the value obtained for all model grid cells (i.e. ca. 12 and 6 days, 
respectively; Table 4). The equation normally used to describe rates of baseflow recession 
(Peña-Arancibia et al., 2010) corresponds with the part of the hydrograph associated with 
prolonged periods with little or no precipitation. As such, it illustrates in a general way the 
nature of the groundwater storages feeding the streamflow (Tallaksen, 1995). Deep soils and 
permeable regoliths are widely present in tropical landscapes (Chappell et al., 2007), and 
their lagging effect is expected to reduce seasonal streamflow variability as well as sustain 
flows during the dry season. In particularly porous catchments, dry-season flows may 
contribute up to 30% of all streamflow (see Le Maître and Colvin (2008) for an example from 
temperate South Africa). In karst-dominated landscapes, as in mountainous North-west 
Vietnam, baseflow contributions to total streamflow can be as high as 80% (Tam et al., 
2001). Notwithstanding, root-accessible storage capacity and groundwater recession 
parameters vary spatially in ways that are currently challenging to predict.
   Structural streamflow regulation should also be considered when interpreting the spatial 
patterns of ILF after tropical deforestation at the scale used in our analysis (Fig. 13). Man-
made reservoirs are purposely built to increase water availability during the dry season for 
irrigation, domestic and industrial uses, hydropower generation and/or flood protection 
  
during rainy periods. Any adverse impacts of deforestation and soil degradation on dry-
season flows in areas with regulated flow will likely be offset by the presence of dams (Döll 
et al., 2009; Saraiva Okello et al., 2015; Timpe and Kaplan, 2017). The effects of streamflow 
regulation were not yet considered in W3RA–LUM, nor were atmospheric feedbacks that 
may be important when the scale of deforestation is in the order of the model grid cell 
(10,000 km2). The vexed question as to whether, and to what extent, land cover determines 
the amount of precipitation it receives has been hotly debated during the last decades (Wang 
and Eltahir, 2000; Makarieva and Gorshkov, 2007, 2009; Meesters et al., 2009; Angelini et 
al., 2011; Poveda et al., 2014) but despite progress with the description of the various 
interactions involved (including teleconnections; Van der Ent et al., 2010; Van der Ent et al., 
2013; Makarieva et al., 2017; Li et al., 2018), there is no consensus as yet. For a recent 
discussion of the subject the reader is referred to Ellison et al. (2017) and Li et al. (2018). 
5. Conclusions
   A global hydrological model (W3RA) was tailored to assess the trade-off between changes 
in two opposing processes affecting dry-season flows after tropical forest conversion, i.e. the 
forest ‘pump’ effect (evapotranspiration) and the forest ‘sponge’ effect (infiltration and water 
retention). Several modifications made to the model based on the Soil Conservation Service 
Curve Number (CN) method accounted for surface degradation explicitly. The approach 
included the development of a hydrological soil condition indicator (as a proxy for soil 
infiltration capacity) based, in turn, on a more realistic global assessment of land degradation 
status derived from trends in the so-called long-term rain-use efficiency (RUE)-adjusted 
normalised difference vegetation index (NDVI). 
  
   The adjusted model (W3RA–LUM) was used in sensitivity experiments for four tropical 
catchments with documented deforestation impacts on dry-season flows. The simulated 
impacts of deforestation on catchment hydrological functioning allowed a better 
understanding of the observed streamflow patterns in the four catchments. Deforestation 
coupled with surface degradation (reduced infiltration) enhanced stormflow production 
during the wet season which affected groundwater recharge negatively, resulting in lowered 
baseflow. Faster rates of streamflow recession and earlier seasonal flows peaks were 
observed for simulations with 0% forest cover and lowered infiltration (poor soil conditions) 
compared to simulations with 100% forest cover and adequate infiltration (good soil 
conditions). Good soil conditions also appeared to dampen the seasonal variability of 
streamflow. 
   Streamflow sensitivity analyses similar to the site sensitivity experiments described above 
were also performed for the tropics as a whole. Deforestation scenarios gave an increase in 
mean annual streamflow of 26% (n = 3743 pixels of 1o each) if there were concurrent 
changes from good to poor infiltration conditions, as opposed to 18% when infiltration 
conditions were maintained (i.e. forest conversion to grassland only). Relative increases in 
flows were more pronounced in more water-limited and seasonal environments. For some 
areas (n = 704 pixels or 19%), there was an inferred reduction in streamflow after forest 
conversion and reduced infiltration during some of the driest months, despite corresponding 
decreases in vegetation water use. Further analysis showed that forest removal and reductions 
in infiltration capacity tended to have a negative impact on dry-season flows in areas with: (i) 
strong precipitation- and streamflow seasonality; (ii) a sufficiently high surface infiltration 
capacity to accommodate the prevailing precipitation intensities under undisturbed 
conditions; (iii) sufficient precipitation in excess of potential evapotranspiration during wet 
months to recharge deep soil- and groundwater stores; (iv) sufficient soil water storage to 
  
carry infiltrated wet-season rainfall over to the next dry season; and (v) a sufficiently slow 
groundwater recession maintaining baseflow throughout the dry season.
   Areas or ‘hot-spots’ that showed a reduction in streamflow for some of the driest months 
(despite the noted decreases in vegetation water use associated with the conversion from 
forest to grassland) after deforestation and advanced soil degradation included: Central 
America, northern South America, the Andes, Bolivia, Brazil, the Caribbean, Congo, Gabon, 
Tanzania, Ethiopia, South Africa, Madagascar, India, Bangladesh, several countries in 
Southeast Asia, and northern Australia.
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Figures
Figure 1. Flux diagram of the W3RA-LUM model structure (modified from Van Dijk, 
2010a): the minimum input data requirements (purple boxes); fluxes lost from the grid cell 
(red boxes); water fluxes (blue arrows); energy and vapour fluxes (red arrows); functional 
relationships (dashed grey arrows); water balance model components described (blue rounded 
boxes); the surface radiation and energy balance (orange); vapour fluxes (cyan); and 
vegetation phenology (green). Solid blue and green colours represent dynamic model states 
updated from one time step to the next; outlined boxes represent transformations and 
partitioning. Enclosed in the red dashed box are the components of the model that were 
modified here.
  
Figure 2. (a) Change in seasonal distribution of streamflow following changes in land use: 
replacing 33% of forest by rain-fed cropping and settlements in the Upper Konto catchment, 
East Java, Indonesia (after Rijsdijk and Bruijnzeel, 1991); (b) Idem for the Tocantins 
catchment, Brazil, where about 19% forest was replaced by cropland and grassland (after 
Costa et al., 2003); (c) Changes in long-term rainy- and dry-season flows in the Upper 
Mahaweli catchment, Sri Lanka, where well-managed tea estates were replaced by 
smallholder cropping without adequate soil conservation measures.
  
       
(c)
 
 Figure 3. (a) Classification of ‘Hydrological Soil Condition’ (HSC) based on trends of 
rainfall use efficiency (RUE)-adjusted normalised NDVI (Bai et al. (2008), see text for 
explanation); (b) Comparison of HSCs derived in this way for the Republic of South Africa 
with (c) Land degradation categories as defined in Bai et al. (2008) for RSA. Note that 
Swaziland, Lesotho and bordering countries are masked in the latter two maps.
  
Figure 4. Map of ‘Hydrological Soil Groups’ (HSG) across the tropics based on the 
Harmonised World Soil Database (FAO/IIASA/ISRIC/ISSCAS/JRC, 2012).
  
Figure 5. (a) Curve number values (CN) for current land-cover conditions across the tropics; 
and (b) Associated predicted amounts of stormflow (mm) for a uniformly distributed design 
rainfall event of 50 mm.
  
Figure 6. Mean monthly simulated (a) streamflow (Qtot), (b) evapotranspiration (Etot), (c) storm 
runoff (QR) and (d) baseflow (Qg) for 1948–2008 for the upper Konto catchment, Indonesia. 
Each coloured line represents simulations depicting different vegetation and surface 
conditions; the term SC in the legend refers to a negative change in surface infiltration capacity: 
100% Forest (100FC, green solid line), 0% Forest (0FC, orange dashed line), 100% Forest +SC 
(100FCSC, yellow line) and 0% Forest + SC (0FCSC, black dotted line).
  
Figure 7. Mean monthly simulated (a) streamflow (Qtot), (b) evapotranspiration (Etot), (c) storm 
runoff (QR) and (d) baseflow (Qg) for 1948–2008 for the Babati catchment, Tanzania. Each 
coloured line represents simulations depicting different vegetation and surface conditions; the 
term SC in the legend refers to a negative change in surface infiltration capacity: 100% Forest 
(100FC, green solid line), 0% Forest (0FC, orange dashed line), 100% Forest +SC (100FCSC, 
yellow line) and 0% Forest + SC (0FCSC, black dotted line).
  
Figure 8. Mean monthly simulated (a) streamflow (Qtot), (b) evapotranspiration (Etot), (c) storm 
runoff (QR) and (d) baseflow (Qg) for 1948–2008 for the Tocantins catchment, Brazil. Each 
coloured line represents simulations depicting different vegetation and surface conditions; the 
term SC in the legend refers to a negative change in surface infiltration capacity: 100% Forest 
(100FC, green solid line), 0% Forest (0FC, orange dashed line), 100% Forest +SC (100FCSC, 
yellow line) and 0% Forest + SC (0FCSC, black dotted line).
  
Figure 9. Mean monthly simulated (a) streamflow (Qtot), (b) evapotranspiration (Etot), (c) storm 
runoff (QR) and (d) baseflow (Qg) for 1948–2008 for the Mahaweli catchment, Sri Lanka. Each 
coloured line represents simulations depicting different vegetation and surface conditions; the 
term SC in the legend refers to a negative change in surface infiltration capacity: 100% Forest 
(100FC, green solid line), 0% Forest (0FC, orange dashed line), 100% Forest +SC (100FCSC, 
yellow line) and 0% Forest + SC (0FCSC, black dotted line).
  
Figure 10. Relative change in long-term mean annual streamflow (ILTA) under deforestation 
impact and undisturbed conditions, expressed as a percentage of the long-term mean annual 
streamflow under undisturbed conditions for (a) deforestation only (100FC-0FC); and (b) 
deforestation plus a negative change in surface infiltration (100FC-0FCSC).
  
Figure 11. Cumulative percentage relative change in long-term mean annual streamflow 
(ILTA) grouped by humidity index (HI) for (a) Forest conversion to grassland only (100FC-
0FC); and (b) Forest conversion plus surface degradation (100FC-0FCSC). Different ranges in 
the percentage increase in ILTA are indicated by different colours.
  
Figure 12. Difference between long-term mean seasonal amplitude (ISA) of streamflow under 
deforestation impacts and prior conditions, expressed as a percentage of the amplitude under 
prior conditions for (a) Forest conversion to grassland (100FC-0FC); and (b) Forest conversion 
plus surface degradation (100FC-0FCSC). See text for explanation.
  
Figure 13. Number of months with simulated decreases in dry-season flows (ILF) out of four 
months with low flows following forest conversion to grassland and an imposed negative 
change in soil infiltration capacity (100FC–0FCSC). See text for explanation.
  
Figure 14. Normalised probability distribution functions (PDF) of all model grid cells (solid 
blue lines) and of all model grid cells with ILF≥1 (dashed black lines) for mean annual values 
(1948–2008) of (a) humidity index (HI), (b) potential maximum soil water storage capacity 
(Smax), (c) soil water content in the shallow and deep soil compartments (Stot), and (d) 
groundwater recession coefficient (Kg).
Table 1. Matching the FAO/UNESCO soil drainage classes with the USDA-SCS 
Hydrological Soil Groups (HSG).
FAO Drainage class HSG
1 Very Poor D Very low infiltration rates
2 Poor D
3 Imperfectly C Low infiltration rates
4 Moderately Well B Moderate infiltration rates
5 Well A High infiltration rates
6 Somewhat Excessive A
7 Excessive A
  
1 Table 2. Curve numbers (CN) for different land uses and land covers and Hydrological Soil Groups (HSGs) for ‘fair’, 
2 ‘poor’ and ‘good’ soil hydrological conditions (HSCs) (modified after USDA-SCS (1986) and Hong and Adler (2008)). 
       
Hydrologica
l Soil Group
   (HSG)         
Land use/land cover Fair HSC*  Poor HSC*  Good HSC*
A B C D A B C D A B C D
Water bodies N/A N/A N/A N/A  N/A N/A N/A N/A  N/A N/A N/A N/A
Evergreen needle leaf 36 60 73 79 45 66 77 83 30 55 70 77
Evergreen broad-leaf 30 58 71 77 39 64 75 81 24 53 68 75
Deciduous needle leaf 40 64 77 83 49 70 81 87 34 59 74 81
Deciduous broad-leaf 42 66 79 85 51 72 83 89 36 61 76 83
Mixed forests 38 62 75 81 68 79 86 89 49 69 79 84
Woodlands 61 71 81 89 91 88 92 97 72 78 85 92
Wooded grasslands 55 70 80 87 80 84 89 93 56 70 80 86
Closed shrublands 45 65 75 80 64 75 82 85 35 57 70 76
Open shrublands 49 69 79 84 68 79 86 89 39 61 74 80
Grasslands 49 69 79 84 68 79 86 89 39 61 74 80
Croplands 67 78 85 89 72 81 88 91 61 70 77 80
Bare ground 72 82 83 87 72 82 83 87 72 82 83 87
Urban and built-up 80 85 90 95  80 85 90 95  80 85 90 95
3 * Hydrological condition indicates the effects of cover type and treatment on infiltration and storm runoff. 
4
  
5 Table 3. Location of catchments used in the streamflow sensitivity analyses and associated characteristics including: size, land-use 
6 change, mean annual precipitation (MAP), mean annual potential evapotranspiration (PET) and precipitation seasonality index (SI) for 
7 the years 1948–2008. Climatic characteristics were computed from the Princeton climate dataset (Sheffield et al., 2006).
Location
Area 
(km2) Land-use change
Effect on dry-
season flow Latitude Longitude MAP PET SI*
    (mm y-1)    (mm y-1) Main reference
Upper Konto 
(Indonesia)
235 A third of the area converted to rain-fed cropping
Reduction
7.52°S
      
112.24°E 1964 1526 0.65
Rijsdijk and 
Bruijnzeel 
(1991)
Babati (Tanzania) 2.8
Miombo woodland converted 
to cropping and grazing
Reduction
4.15 °S   35.46°E 712 2075 0.87
Sandström  
(1995) 
Tocantins (Brazil) 175,360
About 19% converted to 
grazing
No reduction, 
but redistribution 
of seasonal flows 11.05°S  48.25°W 1503 1911 0.82
Costa et al. 
(2003)
Upper Mahaweli
(Sri Lanka)
1100
Well-managed tea estates 
converted to smallholder 
cropping without soil 
conservation measures
Reduction
7.12 °N  80.40°E 1878 2033 0.37
Madduma 
Bandara (1997)
8 * SI (Walsh and Lawler, 1981) indicates the intra-annual seasonality of precipitation. It varies from zero (all months with the same precipitation) to 1.83 (all precipitation occurring in one month): values 
9 <0.19 indicate very equal precipitation, whereas values between 0.20 and 0.99 indicate a seasonal regime and values >1 a short wet season.
10
  
Table 4. Comparison of climatic and physical characteristics of all model grid cells with those 
of cells with a decrease in dry-season flow for at least one month (ILF≥1). Climatic 
characteristics include means and standard deviations (in brackets) of: mean annual 
precipitation (MAP), humidity index (HI) and seasonality index (SI). Physical characteristics 
include: potential maximum soil water storage capacity for rainfall events (Smax), soil water 
content in the shallow and deep soil compartments (Stot), and the groundwater recession 
constant (Kg).
Characteristic  All grid cells Grid cells ILF≥1
   (n = 3743) (n = 704) 
Climatic
MAP (mm y-1) 1513 (±652) 1690 (±747)
HI 0.70 (±0.58) 1.20 (±0.47)
SI 0.63 (±0.28) 0.62 (±0.19)
Physical
Smax 112 (±62) 135 (±76)
Stot =Ss+SdS0  (mm) 5449 (±4586) 7531 (±3742)
StotFC (mm) 832 (±367) 1200 (±370)
Kg (day-1)  0.11 (±0.09) 0.06 (±0.01)
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